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Abstract

We have generated and characterised a clone of chicken DT40 lymphocytes stably transfected with the rat P2X7 receptor (rP2X7).

Successful transfection was confirmed by Western blotting. Under voltage clamp, P2X7-expressing cells responded to ATP and dibenzoyl-

ATP (Bz-ATP) (a more potent P2X7 receptor agonist) with a rapidly activating and sustained inward current. The EC50 values for these

agonists were 305 and 15 mM, respectively. Bz-ATP evoked Ca2þ and Mn2þ influx into transfected cells as determined by Fura-2

spectrofluorimetry. Responses to Bz-ATP were inhibited by pre-treatment of cells with oxidised ATP. Treatment of cells with Bz-ATP for

up to 24 hr produced time- and concentration-dependent cell death. This was associated with an increase in caspase-3-like activity,

exposure of phosphatidylserine on the outside of cell membrane and DNA cleavage, indicating death by apoptosis. Pre-treatment with

Z-VAD-fmk, a pan-caspase inhibitor, reduced the DNA fragmentation and phosphatidylserine externalisation, but did not affect overall

rates of cell death at 24 hr, implicating caspase-independent mechanisms. The properties of rP2X7 receptors expressed in DT40 cells are

similar to those described for other expression systems. Because DT40 cells lack functionally detectable endogenous P2 receptors and are

highly amenable to genetic manipulation, stably transfected DT40 cells provide a novel and potentially useful model system in which to

investigate the intracellular signal transduction pathways associated with P2X7 receptor stimulation, in particular those involved in

induction of cell death.

# 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Extracellular nucleotides play an important role in cell

signalling with diverse effects, including modulation of

cell growth, differentiation and induction of cell death by

both necrosis and apoptosis [1,2]. The receptors for these

molecules belong to two distinct families: P2Y G protein-

coupled receptors and P2X ligand-gated ion channels. So

far, molecular cloning has identified seven mammalian

members of the P2Y group and seven P2X receptor sub-

units (see [3,4]). These latter subunits can combine to form

either homo- or hetero-oligomeric receptors (of uncertain
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stoichiometry) involving either three [5–7] or possibly four

[8,9] subunits. The most recently identified member of the

mammalian P2X family, the P2X7 receptor, exhibits an

interesting property. In addition to behaving as a rapidly

activating non-selective cation channel, intense or pro-

longed activation of this receptor leads to the opening of

a large non-selective pore allowing the passage of mole-

cules of up to 900 Da in size [10,11]. This receptor shares

35–40% homology with other members of the P2X family

with two transmembrane regions, a cysteine rich extra-

cellular loop and intracellular N- and C-termini [12,13].

However, the C-terminal is over 100 amino acids longer

than that of any other member of the family and may be

essential for the unique features of the P2X7 receptor, such

as opening of the large pore [10] and mediation of cell

blebbing via interaction with various membrane proteins

[14,15]. This receptor appears to be identical to the phar-

macologically identified P2Z receptor [16,17].

The mechanism by which activation of the P2X7 recep-

tor leads to the opening of a membrane-permeabilising

pore is not well understood. The initial proposal describing

the gradual increase in size of the cation channel to allow

passage of larger molecules [18,19] is at variance with

recent evidence that the receptor molecule itself may form

some biochemical or structural link to a ‘common pore,’

which may also be opened by other membrane receptors,

such as that for maititoxin [20,21], a toxin from the

dinoflagellate Gambierdiscus toxicus.

Extracellular ATP can induce cell death in cells of the

immune system, including thymocytes, T cells, macro-

phages and dendritic cells, through the activation of the

P2Z/P2X7 receptor. Cell death may occur through either

necrosis [22] or apoptosis [23,24]. Furthermore, ATP can

induce cell death in glomerular mesangial cells, which may

have pathogenic implications for some forms of kidney

disease [25,26]. However, functional studies of endogen-

ous P2X receptors are complicated by the co-existence of

multiple receptor subtypes (both P2X and P2Y) in the same

native cell and a very limited array of subtype-specific

pharmacological agonists or antagonists. This problem can

be partially overcome by stable expression of recombinant

receptors in a suitable ‘null background’ cell line.

DT40 is an avian leukosis virus-induced B cell line that

continues diversification of its rearranged light chain

immunoglobulin by gene conversion. Stable transfections

of this cell line are unique in that they demonstrate an

unexpectedly high ratio of targeted to random integration

into the homologous gene loci, rendering them highly

genetically tractable [27]. Wild-type DT40 cells show

no rise in intracellular calcium concentration ([Ca2þ]i)

in response to various nucleotide agonists, indicating the

lack of any endogenous purine receptors. In this study, we

have generated DT40 cells stably transfected with the rat

P2X7 receptor. We have characterised the properties of

these cells and demonstrated that activation of the P2X7

receptor leads to cell death, which is associated with

changes characteristic of apoptosis. This cell line could

provide a useful model in which to study the regulatory and

functional properties of the P2X7 receptor, including inves-

tigation of the downstream signalling pathways leading to

cell death.

2. Materials and methods

2.1. Drugs and reagents

Chicken serum, DMEM, FCS, glutamine and strepto-

mycin were purchased from Gibco. Fura-2/AM and Pluro-

nic F-127 were from Calbiochem. HBSS, EGTA, ATP,

Bz-ATP and analogues, periodate oxidised ATP, and other

chemicals were obtained from Sigma. Anti-P2X7 antibody

directed against the C-terminal 15 amino acids was pur-

chased from Alomone Labs.

2.2. Cell culture and transfection

DT40 cells were routinely cultured at 408, in DMEM

supplemented with 10% FCS, penicillin, streptomycin,

glutamine and 1% chicken serum and equilibrated with

5% CO2. Cells were maintained in logarithmic growth

and harvested for studies between 4 � 105 cells mL�1

and 10 � 105 cells mL�1. The rat P2X7 cDNA construct

(a generous gift of Dr. Gary Buell) in the mammalian

expression vector pcDNA3 was linearised at the PvuI site

in the ampicillin resistance gene and the linearised DNA

was re-suspended in sterile water at a concentration of

1 mg mL�1 for use in transfection experiments. Transfec-

tion and selection of stable clones was carried out as

described elsewhere [28].

2.3. Spectrofluorimetry

All experiments were performed on stirred cell suspen-

sions at 106 cells mL�1 at 408 using an LS50 B fluorimeter

(Perkin-Elmer). Cells were suspended in HBSS supple-

mented with HEPES, sodium bicarbonate and contained

(in mM): 1.26 CaCl2, 0.81 MgSO4, 5.4 KCl, 0.44 KH2PO4,

136.9 NaCl, 0.34 Na2HPO4, 4.2 NaHCO3, 5.5 D-glucose

and 10 HEPES. EGTA (3 mM) was added for calcium-

free experiments and agonists and antagonists added as

indicated.

2.3.1. Calcium fluorescence measurements

Measurements of intracellular free calcium concentra-

tion ([Ca2þ]i) were made using the fluorescent indicator

Fura-2. Cells (approximately 2:5 � 106) were loaded for

45 min in growth medium at 408 containing 1.25 mM Fura-

2/AM and 0.0025% Pluronic F-127. Cells were washed

three times and re-suspended at 48 in HBSS to a final

density of 106 cells mL�1 and kept on ice for up to 1 hr.

Cells were then pre-warmed to 408 in a water bath;
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fluorescence of the stirred cell suspension was then mea-

sured by emission at 510 nm with excitation at 340 and

380 nm using an LS50 B fluorimeter (Perkin-Elmer).

Removal of all residual extracellular calcium was achieved

by addition of 3 mM EGTA at the beginning of fluores-

cence measurements.

2.3.2. Manganese quench

DT40 cells were loaded with Fura-2/AM as described

above, washed three times and re-suspended in HBSS sup-

plemented as above. Suspensions of cells at 106 cells mL�1

were pre-warmed to 408; stirred samples were then excited

at the dye’s isosbestic wavelength of 360 nm and emission

monitored at 510 nm. Antagonists and agonists were added

from stock solutions to the desired concentrations at 50

and 150 s after the addition of 100 mM manganese (Mn2þ),

respectively.

2.3.3. Ethidium bromide influx

Cells were washed three times in HBSS, warmed to 408
and placed in a cuvette at 106 cells mL�1. Twenty-five mM

ethidium bromide was added and fluorescence recorded as

a function of time: cells were excited at 302 nm and

emission monitored at 560 nm. Fluorescence values were

corrected for background fluorescence, a small concentra-

tion-dependent quenching of fluorescence by Bz-ATP

and expressed as a percentage of the maximum value

obtained following complete permeabilisation of the cells

with 10 mM digitonin.

2.3.4. Western blotting

107 cells were washed twice in PBS and re-suspended in

100 mL SDS–PAGE buffer in the presence of protease

inhibitors (phenylmethylsulfonyl fluoride, PMSF) 0.5 mM

and 1 mM of each of the small peptidase inhibitors, chy-

mostatin, leupeptin and pepstatin) on ice. After DNA shear-

ing using an 18G needle, extracts were boiled for 15 min and

separated on a 10% polyacrylamide gel and transferred to

nitrocellulose membrane. Nitrocellulose membranes were

incubated with primary antibody followed by alkaline phos-

phatase-conjugated swine anti-rabbit immunoglobulins

and developed using Western Blue.

2.3.5. Electrophysiology

A small volume (50–200 mL) of cell suspension (approxi-

mately 105 cells mL�1) was plated out in a 35 mm plastic

culture dish (Falcon) containing 2 mL extracellular solution

at 378. The dish was then left to cool to room temperature

(19–228). Using this procedure, the majority of cells adhered

adequately to the culture dish.

The culture dish was placed on the stage of an inverted

microscope (Diaphot, Nikon) and cells visualised under

phase contrast at 600� magnification. For most ex-

periments, the culture dish was perfused at a rate of

0.5 mL min�1 with an extracellular-like solution contain-

ing (mM): NaCl, 154, KCl 4.7, HEPES, 10, D-glucose, 5.6,

CaCl2 2.5, MgCl2 1.2, adjusted to pH 7.4 with NaOH,

while low divalent cation solution (containing 0 mM

MgCl2 and 0.5 mM CaCl2) was applied locally to cells

using a microperfusion device [29]. For experiments car-

ried out at 308, the culture dish was perfused at 5 mL min�1

with pre-warmed low divalent cation extracellular solution,

and drugs were applied in the perfusing solution. NMG-

containing solution was made by equimolar substitution of

Naþ by NMG. For experiments to determine the relative

ionic permeabilities, a simplified solution containing no

Kþ or divalent cations was used.

Recordings were carried out using the whole cell patch-

clamp technique [30]. Patch electrodes were fabricated

from thin wall borosilicate glass capillaries (Clark Electro-

medical, GC 150TF) and had a resistance of 4–6 MO when

filled with an intracellular-like solution containing (mM):

citric acid 56, MgCl2 3, CsCl 20, HEPES, 40, EGTA 0.1,

tetraethyl ammonium chloride 10, adjusted to pH 7.2 with

CsOH. Membrane currents were recorded using an Axo-

patch 200B amplifier (Axon Instruments), displayed on a

chart recorder (Gould TA240) and stored on digital audio-

tape using a DTR-1204 (Biologic, Claix) recorder for

subsequent off-line analysis. Ramp current voltage relation-

ships were recorded on a personal computer, using pClamp

software and a Digidata 1200 interface (Axon Instruments).

2.3.6. Assay of cell viability

Assay of cell viability was carried out using the Cell

Proliferation Kit I (MTT), according to the manufacturer’s

instructions. One day before experiments, cells were plated

in 96-well culture plates at a density of 1 � 105 per well.

Antagonists of P2X7 and caspases, oxidised ATP and Z-

VAD-fmk, respectively, were applied for 1 hr prior to

agonists. After treatments with ATP or Bz-ATP, cells were

incubated in MTT solution for 4 hr at 378. Absorbance was

measured with a microplate reader and test filter of 540 nm

and a reference filter of 620 nm.

2.3.7. Assay for caspase-3-like protease activity

Caspase-3-like protease activity was measured using the

EnzChek Caspase-3 Assay Kit (Molecular Probes). After

incubation with appropriate agonists and antagonists, cells

were collected and washed three times with PBS, and re-

suspended in hypotonic cell lysis buffer (25 mM HEPES

[pH 7.5], 5 mM MgCl2, 5 mM EDTA, 5 mM dithiothreitol,

2 mM PMSF, 10 mg mL�1 aprotinin, 10 mg mL�1 leupep-

tin). The cells were incubated on ice for 20 min and then

homogenised. Lysates were centrifuged at 45,000 g for

60 min at 48 and supernatants were collected. Aliquots of

lysate containing 2.5 mg protein were incubated with N-

benzyloxycarbonyl-Asp-Glu-Val-Asp-7-amino-4-methyl-

coumarin (Z-DEVD-AMC; 5 mM) at 378 and the release of

7-amino-4-methyl-coumarin (AMC) was monitored by a

spectrofluorometer (Hitachi F-2000) using an excitation

wavelength of 380 nm and an emission wavelength of

460 nm.
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2.3.8. Detection of exposure of phosphatidylserine on

the outside of the cell membrane

To detect the early membrane changes of apoptosis, the

annexin-V-FLUOS staining kit was used for flow cyto-

metric detection of phosphatidylserine externalisation on

the outside of the cell membrane. Annexin-V has a high

and selective affinity for phosphatidylserine [31]. In brief,

cells were suspended in DMEM-F-12/10% FCS/0.1%

chick serum, and treated with drugs for 6 hr. The cells

were washed with PBS and incubated for 15 min at room

temperature with 0.25 mg mL�1 of FITC-annexin-V and

10 mM propidium iodide. At least 10,000 cells were ana-

lysed and apoptosis (FITC-positive and propidium iodide

negative-cells) was assessed by flow cytometry (COUL-

TER EPICS-XL).

2.3.9. DNA ladder detection assay

After treatment with indicated reagents for 6 hr, cells

were washed with PBS, lysed with 150 mL of lysis buffer

(10 mM Tris–HCl, pH 7.4, 10 mM EDTA, 0.5% Triton X-

100) for 20 min on ice and precipitated with 2.5% poly-

ethylene glycol and 1 M NaCl at 48. After centrifugation at

10,000 g for 10 min, supernatants were incubated in RNase

A (400 mg mL�1) for 1 hr, subsequently treated with pro-

teinase K (400 mg mL�1) for 1 hr, and then precipitated with

equal volumes of isopropanol at �208 overnight. After

washing with 70% ethanol, each pellet was dissolved in

20 mL of TE buffer and electrophoresed on a 2% agarose gel

containing ethidium bromide. Ladder formation of oligo-

nucleosomal DNA was visualised under ultraviolet light.

2.4. Data analysis

All data are expressed as mean � SEM. Concentration–

response curves were fitted with the Hill equation,

Y ¼ A=½1 þ ðK=XÞn	, using a commercial graphics and

data analysis software package (Origin v4, Microcal).

Traces were acquired using Fetchex (pClamp software,

Axon Instruments) and plotted using Origin. Statistical

analysis was performed using Instat version 2.0 statistical

package (GraphPad Software). P < 0:01 was taken as

statistically significant.

3. Results

Following transfection, a number of clones were isolated

and characterised functionally and biochemically for the ex-

pression of the P2X7 receptor. Six clones were identified on

the basis of functional responses to Bz-ATP, but all the data

presented have been obtained from one representative clone.

3.1. Molecular characterisation

To confirm the successful transfection of the rP2X7

construct into DT40 cells, we detected receptor protein

by Western blotting. In transfected cells, the anti-P2X7

antibody identified a protein band with a molecular weight

of approximately 70 kDa. No band was detected in protein

extracts from wild-type or vector-only transfected controls

(Fig. 1A).

3.2. Functional characterisation

The properties of transfected cells were assessed at

both the single cell level by whole cell patch-clamp

technique and as an average of activities of cell popula-

tions by fluorimetry. Cells from the P2X7 transfected

clone voltage-clamped at �60 mV responded to the

application of Bz-ATP with a rapidly activating inward

current. The response was maintained throughout the

drug application and the current returned to baseline

on removal of the agonist (Fig. 1B). Such responses were

seen in 96% (76/79) of cells tested. The mean amplitude

of the response to 100 mM Bz-ATP was 217 � 40 pA

(N ¼ 21) from cells that had a mean membrane capaci-

tance of 4:2 � 0:2 pF. ATP also evoked similar responses,

although this agonist was considerably less potent (see

below). In contrast, Bz-ATP failed to evoke any response

in 11 wild-type cells or 5 cells from a mock (vector-only)

transfected clone.

Fig. 1. Expression of rP2X7 receptors in transfected DT40 cells. (A)

Western blot analysis demonstrates the presence of rP2X7 receptor protein

(MW 
70 kDa) in DT40 cells after cDNA transfection. However, protein

was absent in wild-type (WT) and vector-only transfected cells. (B) Patch-

clamp recording from wild-type, vector-only transfected and rP2X7

transfected DT40 cells. While 76/79 transfected cells responded to

100 mM Bz-ATP with a rapidly activating and sustained inward current,

no response was observed in wild-type or mock transfected cells.
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3.3. Concentration-dependence

Fig. 2A demonstrates the concentration-dependence of

the activation of the P2X7 receptor using electrophysiolo-

gical recordings. The sustained nature of the P2X7

response allowed cumulative concentration–effect curves

to be obtained for ATP and Bz-ATP (Fig. 2B). Fitting

the Hill equation to the pooled data gave EC50 values of

Fig. 2. Functional characterisation of transfected DT40 cells. (A) The effect of increasing agonist concentration on the inward current recorded from a rP2X7

transfected cell voltage clamped at �60 mV. (B) Concentration–response curves for the activation of inward currents in transfected DT40 cells under voltage

clamp at room temperature. Points represent mean � SEM from 10 cells (Bz-ATP; &) and 5 cells (ATP; *) normalised with respect to the highest

concentration of agonist used. The curves show the least squares fit of the Hill equation to the data, which yielded EC50 values of 15 and 305 mM for Bz-ATP

and ATP, respectively. (C) Histogram comparing the response of control cells to 100 mM Bz-ATP with cells that had been pre-incubated with 100 mM

oxidised ATP (oATP) for 2 hr at 378. Columns represent the mean � SEM current density for 10 cells. (D) Fura-2 measurement of intracellular [Ca2þ]i

concentration in DT40 cells. Bz-ATP (50 mM) induced an increase in [Ca2þ]i in transfected but not wild-type DT40 cells. (E) Comparison of the effect of

50 mM (&) and 100 mM (&) Bz-ATP on [Ca2þ]i with the response to 100 mM Bz-ATP after removal of extracellular Ca2þ by the addition of 3 mM EGTA

(~). Experiments were carried out at 408. Points represent mean � SEM from three experiments. (F) The increase in divalent cation permeability in

transfected DT40 cells in response to Bz-ATP (100 mM) determined using the manganese quench technique. Addition of Mn2þ produced a biphasic decline in

fluorescence (&). Subsequent addition of Bz-ATP produced a further decline in fluorescence (*). In cells pre-incubated for 2 hr with 100 mM oxidised ATP

(~) there was an approximately 50% reduction in the response to Bz-ATP. Points represent the mean � SEM from three experiments.
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15:3 � 1:2 mM and 305:5 � 2:4 mM with Hill coefficients

of 2:2 � 0:4 and 2:1 � 0:1 for Bz-ATP (data from 10 cells)

and ATP (data from 5 cells), respectively.

Oxidised ATP is a slowly acting antagonist at the P2X7

receptor [32]. In patch-clamp experiments, a 2-hr incuba-

tion at 378 with 100 mM oxidised ATP almost completely

abolished the inward current evoked by Bz-ATP (Fig. 2C).

3.4. Calcium influx in cell suspensions

Addition of Bz-ATP (50 mM) to a suspension of P2X7-

transfected cells produced a rapid and sustained increase

in intracellular [Ca2þ] determined by the change in Fura-

2 fluorescence (Fig. 2D). No such change was observed

in wild-type or mock transfected cells (not shown). A

slightly greater influx of Ca2þ was obtained by increas-

ing the Bz-ATP concentration to 100 mM. However,

when the experiment was repeated in the absence of

extracellular Ca2þ (and in the presence of 3 mM EGTA),

no increase in intracellular [Ca2þ] was observed, con-

firming that the response was due to Ca2þ influx across

the cell membrane and not release from intracellular

stores (Fig. 2E).

We investigated the effect of oxidised ATP on divalent

cation permeability using the manganese quench techni-

que. Application of the agonist Bz-ATP to a suspension of

P2X7-transfected cells in the presence of Mn2þ produced a

dramatic reduction in Fura-2 fluorescence (Fig. 2F). Pre-

incubation of transfected cells with oxidised ATP for 1 hr

produced a concentration-dependent reduction in the Bz-

ATP stimulated Mn2þ influx. At 100 mM oxidised ATP, the

Mn2þ influx was significantly attenuated (Fig. 2F), while at

300 mM, it was completely abolished (data not shown).

3.5. Ion permeability

Prolonged activation of the P2X7 receptor in low diva-

lent cation-containing solution, or at near physiological

temperature has been reported to lead to the opening of a

cytolytic pore allowing the passage of molecules with

molecular weight of up to approximately 900 Da, which

can be detected electrophysiologically by a shift in the

reversal potential in NMGþ-containing solution [19].

Therefore, we determined the relative permeability of

the channel to NMG when expressed in DT40 cells. For

these experiments, a simplified extracellular solution con-

taining only HEPES, 10 mM, glucose, 10 mM and XCl,

164 mM (where X ¼ either Naþ or NMGþ) was used.

Under these conditions, the reversal potential shifted from

2:5 � 1:6 mV in Naþ solution to �62:6 � 3:0 mV in

NMGþ (N ¼ 4), yielding a value of PNMG/PNa of 0.06.

Interestingly, when the NMGþ solution also contained

0.5 mM Ca2þ, the reversal potential was 12 mV more

positive, indicating that this channel has a high perme-

ability to Ca2þ. These experiments were conducted at room

temperature, and no time-dependent change in the reversal

potential was observed (data not shown). We therefore

determined the reversal potential in NMGþ solution during

prolonged activation of the receptor at 308. Fig. 3A and B

illustrate one such experiment. Application of 300 mM

ATP for 2 min evoked a very small inward current with

a reversal potential close to �60 mV. No initial outward

current, slow increase in inward current or changes in

reversal potential were observed during the agonist appli-

cation. Similar results were obtained in a further three

cells.

Further assessment of the pore-forming properties of the

P2X7 receptor was undertaken using fluorimetry. Incuba-

tion of cells at 408 for 5 min in the presence of ethidium

bromide produced a small basal increase in fluorescence in

Fig. 3. Permeability of P2X7 transfected DT40 cells to large cations. (A)

Response of a voltage-clamped DT40 cell to application of ATP (300 mM)

for 2 min at 308 in NMG-containing extracellular solution. Voltage ramps

were injected at the times indicated by the asterisks, to determine, the

current–voltage relationship. Four of these are shown in (B). Although

there was some reduction in the amplitude of the response during the 2 min

agonist application, the reversal potential remained constant at �55 mV.

Similar results were observed in a further three cells. (C) Increasing

ethidium bromide fluorescence in response to Bz-ATP (100 mM) in

transfected DT40 cells. In wild-type cells, there was a small increase in

fluorescence comparable to that seen in unstimulated cells. (D)

Comparison of ethidium uptake stimulated by 100 mM (&) and 200 mM

(~) Bz-ATP with that of unstimulated cells (&) and that produced by

100 mM Bz-ATP in cells pre-treated with 100 mM oxidised ATP (!).
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both wild-type and transfected DT40 cells. In the presence

of 100 or 200 mM Bz-ATP, a small agonist-dependent

increase in fluorescence was observed, which at 5 min

was less than 10% of maximal fluorescence produced by

the permeabilisation of the cells with digitonin (Fig. 3C).

The small baseline increase in ethidium fluorescence was

comparable in wild-type and transfected cells. Although

the Bz-ATP-induced ethidium entry is small, this effect

appears to be due to the presence of the P2X7 receptor,

since it was not observed in wild-type cells and could be

partially blocked by pre-incubation of the cells with

100 mM oxidised ATP (Fig. 3D).

3.6. P2X7 agonist-induced cell death

Prolonged incubation of transfected DT40 cells with

ATP or Bz-ATP produced a dramatic reduction in cell

viability. Fig. 4A shows the concentration-dependence of

this effect when cells were incubated with ATP or Bz-ATP,

for 24 hr. No comparable changes in viability were

observed in wild-type or mock-transfected cells (data

not shown). Bz-ATP was approximately ten times more

potent than ATP. Treatment with 100 mM Bz-ATP for

increasing periods of time produces progressive reduction

in cell viability (Fig. 4B), with over 80% of cells dying

18 hr after a 6 hr incubation with the agonist. This reduc-

tion in cell viability by Bz-ATP was completely inhibited

by 300 mM oxidised ATP or by addition of 5 mM magne-

sium chloride to the culture medium (Fig. 4C). Both

treatments are known to block P2X7 activation. These

results directly demonstrate that activation of P2X7 recep-

tor-induced cell death.

3.7. Activation of a caspase-3(-like) protease by P2X7

agonists

To analyse further the biological events associated with

P2X7-induced cell death, we investigated the activation of

caspase-3(-like) protease activity. Fig. 5A shows the activ-

ity of caspase-3(-like) protease in cells cultured with

200 mM Bz-ATP for increasing periods of time. We also

observed a similar activation of caspase-3(-like) protease

by treatment with ATP (data not shown). In keeping with

the involvement of P2X7 receptors, this agonist was con-

siderably less potent than Bz-ATP. Following prolonged

(24 hr) treatment with 200 mM Bz-ATP, or 12 hr treatment

with 300 mM Bz-ATP, the protease activity was decreased.

The reason for this is at present unclear, but it may indicate

more rapid and complete cell death, and thus loss of

caspase-3-like activity. To confirm that caspase-3(-like)

protease was activated by stimulation of P2X7 receptors,

the effect of oxidised ATP, an irreversible inhibitor of the

P2X7 receptor, was also examined. As shown in Fig. 5B,

when the cells were pre-treated with 200 mM oxidised ATP

for 3 hr prior to challenge with 200 mM Bz-ATP, protease

activation was reduced by 73%.

3.8. The role of apoptosis in P2X7 receptor-induced

cell death

The generation of caspase-3-like activity by P2X7 recep-

tor activation would be consistent with cell death occurring

by apoptosis. To confirm this, we looked at two other

markers of apoptosis, namely DNA laddering, and phos-

phatidylserine externalisation [33,34], and investigated the

effects of the pan-caspase inhibitor Z-VAD-fmk.

Treatment of cells for 6 hr with 100 mM Bz-ATP resulted

in a dramatic increase in the number of cells with phos-

phatidylserine on the outside of the cell membrane, which

was greatly reduced by incubating the cells with 60 mM

Fig. 4. Effect of P2X7 receptor activation on cell viability in transfected

DT40 cells. (A) Concentration–response curve for the decrease in cell

viability produced by ATP (*) and Bz-ATP (*) measured after 24 hr

incubation with the agonist. Cell viability was determined by succinate-

tetrazolium reductase activity. (B) Effect of the duration of agonist

application on cell viability. Transfected cells were incubated with 100 mM

Bz-ATP for indicated times, then washed with Bz-ATP-free medium and

cell viability measured 24 hr after Bz-ATP exposure. (C) Effects of P2X7

antagonist oxidised ATP (oATP) and MgCl2 on Bz-ATP-induced reduction

in cell viability. Cells were pre-treated with 300 mM oxidised ATP or

5 mM MgCl2 for 1 hr, exposed to 100 mM Bz-ATP for 3 hr, and then

washed with Bz-ATP-free medium. Cell viability was measured 24 hr

after Bz-ATP treatment (&) and in time matched untreated cells (&). Bars

represent the mean � SD from three experiments. An asterisk (�) signi-

ficantly different P < 0:01.
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Z-VAD-fmk (Fig. 5C). Treatment of cells for 6 hr with

100 mM Bz-ATP also gave rise to the formation of typical

ladders of oligonucleosomal fragments of extracted DNA

(Fig. 5D). This was also attenuated by treatment with

60 mM Z-VAD-fmk. These results support the view that

the cytotoxicity of P2X7 agonists on rP2X7 transfected

DT40 cells is via the induction of apoptosis. Finally,

we examined the effect of the pan-caspase inhibitor on

Bz-ATP-induced cell death. Surprisingly, the overall

reduction in cell viability induced by 3 hr treatment with

100 mM Bz-ATP was not altered by pre-treatment with

100 mM Z-VAD-fmk for 1 hr (Fig. 5E).

4. Discussion

The P2X7 receptor is expressed in many different cell

types, in which its activation can stimulate proliferation

[35], or cause cell death by necrosis or apoptosis

[22,25,26,36–38]. However, the downstream signalling

pathways involved in these different effects are still poorly

understood. The function of the P2X7 receptor has been

studied using a range of endogenously-expressing cell

lines, such as immune cells, macrophages, microglial cells

and monocytes, and in a range of transfected cell lines,

including HEK-293 [19], human astrocytoma cell lines

[39] and Xenopus oocytes [40]. Unfortunately, in the

endogenously-expressing cell types, there is frequently

native co-expression of other purine receptors (both P1

and P2), which along with the current lack of specific

antagonists or agonists for these receptors, impedes study

of individual receptor molecules and their downstream

signal transduction pathways.

We have chosen to express the rat P2X7 receptor onto a

‘null’ background using the DT40 avian lymphocyte,

which lacks any endogenous purinoceptors. The other

major advantage of the DT40 cell line is its unique genetic

tractability, demonstrating high ratios of targeted to ran-

dom gene integration into the homologous gene loci when

compared with mammalian cell lines, which is a result of

continued diversification of its rearranged light chain

immunoglobulin by gene conversion [27]. This has led

to the increasing use of the DT40 cell in studies of a wide

range of higher organism cellular functions, including

control of calcium signalling [28], oxidative stress signal-

ling and apoptotic pathways [41,42]. Knockout of candi-

date molecules, and taking advantage of this tractability,

should facilitate investigation of the signal transduction

Fig. 5. Involvement of caspase activation in P2X7-mediated cell death. (A) Time-dependence of the stimulation of caspase-3-(like) activity by Bz-ATP in

transfected DT40 cells. Cells were treated with Bz-ATP 100 mM (&) or 200 mM (&) for the indicated times. (B) Inhibition of Bz-ATP-stimulated caspase-3-

(like) activity by oxidised ATP (oATP). Cells were pre-treated with oATP 200 mM for 3 hr, washed with oATP-free medium and then treated with or without

Bz-ATP for 12 hr. The cells were then lysed and caspase-3-(like) activity determined by measuring the release of AMC. Columns represent the mean � SEM

from three experiments. (C) Inhibition of Bz-ATP-induced exposure of phosphatidylserine on the outside of cell membrane by Z-VAD-fmk. Cells were pre-

treated with or without 60 mM Z-VAD-fmk for 1 hr and then treated with (&) or without (&) Bz-ATP 100 mM for 6 hr. Phosphatidylserine on the outside of

cell membrane was detected using the annexin-V-FLUOS staining kit. (D) Bz-ATP-induced DNA fragmentation is inhibited by Z-VAD-fmk. Cells were pre-

treated with 60 mM Z-VAD-fmk for 1 hr and then treated with Bz-ATP 100 mM for 6 hr. Oligonucleosomal DNA was extracted and electrophoresed on

agarose gel containing ethidium bromide. Fragmented DNA was visualised under ultraviolet light. Lane 1: DNA size marker (X174 DNA/HaeIII digest), lane

2: untreated cells, lane 3: Bz-ATP, lane 4: Z-VAD-fmk and Bz-ATP. (E) Effect of Z-VAD-fmk on Bz-ATP-induced reduction in cell viability. Cells were pre-

treated with Z-VAD-fmk 100 mM for 1 hr and then treated with Bz-ATP 100 mM for 3 hr. After 3 hr cells were washed with Z-VAD-fmk-free and Bz-ATP-

free medium, and cell viability assessed 24 hr after agonist application, using MTT assay. An asterisk (�) significantly different P < 0:01.
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pathways linked to P2X7 receptor activation and induction

of cell death or other downstream events, and also help in

the identification of regulatory mechanisms.

The properties of the rP2X7 expressed in DT40 cells were

similar to those observed in other expression systems

[10,39]. Thus, Bz-ATP was a more potent agonist than

ATP, and the receptor was blocked by prolonged incubation

with oxidised ATP. Activation of the rP2X7 receptor in

DT40 cells opened a non-selective cation conductance,

which had a significant permeability to Ca2þ, as determined

by both intracellular [Ca2þ]i measurement using Fura-2, and

by the shift in reversal potential observed on removal of

extracellular Ca2þ. Although the relative permeability of the

channel to NMG (PNMG/PNa ¼ 0:03) was very similar to

that reported by Virginio et al. [19], we did not observe a

time-dependent increase in NMG permeability, which

would have indicated the formation of a cytolytic pore;

however, we were able to demonstrate a small amount of

ethidium uptake following stimulation with Bz-ATP.

The formation of a large cytolytic pore following P2X7

receptor activation has been observed in a wide variety of

cell types, suggesting that opening of the pore is a further

conformational change of the P2X7 receptor [18,19]. More

recently, it has been suggested that both P2X7 receptors

and the dinoflagellate toxin maitotoxin activate a common

pore, and that the efficiency of the coupling between

receptor and pore varies between cell types. If true, then

our results indicate that the coupling in DT40 cells, like

that in BW5147.3 lymphoma cells, is weak [20,21].

Following exposure to the P2X7 receptor agonist, DT40

cells expressing rP2X7 receptors were killed. This was

accompanied by exposure of phosphatidylserine on the

outside of cell membrane and DNA laddering, suggesting

that death was occurring by apoptosis. At present, it is not

clear how cell death, which occurred over many hours, is

related to the almost immediate changes in membrane ion

permeability and elevation in [Ca2þ]i. One possibility is

that P2X7-mediated cell death is dependent on the forma-

tion of the cytolytic pore. In which case, the poor coupling

we observed between receptor activation and pore forma-

tion in DT40 cells might account for the long delay

between receptor activation and cell death. However, in

hepatocytes, ATP-induced cell death is dependent on a rise

in intracellular calcium, leading to accumulation of Ca2þ

in mitochondria, and loss of mitochondrial membrane

potential [44]. This may lead to cytochrome c release

and the activation of a cascade of cysteine proteases

(caspases) which are known to be involved in programmed

cell death [24,43]. Consistent with this, elevation of intra-

cellular Ca2þ produces mitochondrial swelling in DT40

cells [45], and we demonstrated that activation of rP2X7

receptors in DT40 cells leads to an increase in caspase-3-

like activity. However, blockade of the caspase enzyme

activation, despite reducing DNA laddering and phospha-

tidylserine externalisation, did not affect the overall reduc-

tion in cell viability induced by P2X7 agonists in this

transfected cell line. Further studies will be necessary to

elucidate the exact role of intracellular Ca2þ, mitochon-

drial cytochrome c release and the activation of caspases in

P2X7 receptor-triggered cell death of DT40 cells.

In conclusion, we have generated a novel cell line of DT40

avian B lymphocytes stably transfected with the rat P2X7

receptor and we have characterised its properties in detail

using a variety of methods. The properties of the expressed

rat P2X7 receptor were broadly similar to those described in

other expression systems, but we observed only weak

coupling to the formation of a cytolytic pore. These cells

underwent reproducible reduction in cell viability following

exposure to P2X7 receptor agonists, which was associated

with, the stimulation of caspase-3-like protease activity.

Since these cells are highly genetically tractable [27], they

should prove a very useful model for elucidating the phy-

siological role of the P2X7 receptor, its downstream signal-

ling pathways linked to cell death by apoptosis and aid the

development of highly selective agonists and antagonists.
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